Background {#Sec1}
==========

Ionotropic glutamate receptors are subdivided into four groups: kainate, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), δ-receptors, and *N*-methyl-[d]{.smallcaps}-aspartate receptors (NMDA-R). The NMDA-R is a heteromultimeric assembly of four subunits which, in the central nervous system, is primarily comprised of GluN1 and GluN2(A-D) subunits \[[@CR1]\]. The NMDA-R is different from other types of ligand-gated ionotropic receptors in that it functions as a molecular coincidence detector. To open the ion channel, relief of the voltage-dependent magnesium block is required by activation of nearby AMPA and kainate receptors, as well as co-activation of the ligand-binding domain by glutamate (via GluN2) and either [d]{.smallcaps}-serine or glycine (via GluN1 or GluN3) \[[@CR2], [@CR3]\]. The phencyclidine (PCP) binding site sits within the ion channel in the transmembrane domain of the receptor \[[@CR4]\]. It is an attractive target for pharmacological restoration of glutamatergic homeostasis in central nervous system disorders \[[@CR1]\]. For example, non-competitive NMDA-R channel blockers such as ketamine, MK-801, and memantine may attenuate excessive neuronal depolarization and prevent amyloid-β-induced excitotoxic cell death \[[@CR5]\].

Considerable interest has arisen in the development of a molecular imaging tool that can assess NMDA-R function in vivo. Positron emission tomography (PET) studies of radiolabelled NMDA-R antagonists in humans have been hampered by poor radiotracer selectivity and affinity, low brain entrance, rapid radioligand metabolism, and/or inability to establish specific NMDA-R targeting \[[@CR6]--[@CR9]\]. However, recent studies using \[^11^C\]GMOM in humans demonstrated that intravenous administration of ketamine 0.3 mg · kg^−1^ reduced the radiotracer net influx rate (*K*~*i*~) in whole brain gray matter by, on average, 66% \[[@CR10]\]. The structure of GMOM \[[@CR11], [@CR12]\] was used as a template for a new series of substituted *N*,*N*′-diaryl-*N*-methylguanidines \[[@CR13], [@CR14]\]. Preclinical experiments showed that the fluorine-18 labeled analogue of GMOM, \[^18^F\]PK-209 (\[3-(2-chloro-5-(methylthio)phenyl)-1-(3-(\[^18^F\]fluoromethoxy)phenyl)-1-methylguanidine\]), was the most promising candidate ligand for imaging NMDA-R, with a high apparent affinity of 18 nM against \[^3^H\]MK-801 (*K*~*i*~) compared with 15 to 22 nM for \[^11^C\]GMOM \[[@CR13]\]. Lipophilicity of \[^18^F\]PK-209 (LogD~oct,7.4~ = 1.45) was acceptable for a neuroreceptor tracer \[[@CR13]\], and the compound exhibited high selectivity for the ion channel of NMDA-R over other targets \[[@CR15]\]. A subsequent PET study in rhesus monkeys showed prolonged retention of \[^18^F\]PK-209 in NMDA-R-rich cortical regions relative to the cerebellum \[[@CR15]\]. IV administration of 0.3 mg ∙ kg^−1^ MK-801 30 min before \[^18^F\]PK-209 PET reduced the volume of distribution (*V*~T~) compared with baseline in two out of three subjects. These findings supported further evaluation of \[^18^F\]PK-209 as a PET radioligand for the PCP site of the NMDA-R in human subjects. To this end, test--retest reproducibility and specific binding following intravenous administration of ketamine were assessed in this first in human study.

Methods {#Sec2}
=======

Subjects {#Sec3}
--------

This was an open-label study in 10 healthy volunteers aged 22 to 37 years (Table [1](#Tab1){ref-type="table"}). Mean age ± standard deviation (SD) in the test--retest group was 27.6 ± 7.4 and in the ketamine group 24.4 ± 2.2. All subjects were free of medical and psychiatric illnesses based on medical history, neurological examination, blood tests (complete blood count and serum chemistry), urine analysis, and tested negative for drugs in urine.Table 1Subject demographics and injectate detailsSubjectGenderWeight (kg)AgeScan interval (days)Injected activity PET1 (MBq)Injected activity PET2 (MBq)A~m~ PET1 (MBq · nmol^−1^)A~m~ PET2 (MBq · nmol^−1^)Mass PET1 (μg)Mass PET2 (μg)Test--retest group1F70374719118541871.60.82M862335185176871230.80.53M62232818718588770.70.84F71346118018345501.41.35M93223117317260641.01.0Mean18318064801.10.9SD7622280.40.3Paired *t* test (*P* value)0.230.210.22Ketamine group6F642316119119447171.44.17M83282818918789440.81.58F56239818718880380.81.79M81234920219552561.41.210F70251318919510406.41.7Mean19219256392.22.1SD6431142.41.1Paired *t* test (*P* value)0.920.310.94*A*~*m*~ molar activity, *SD* standard deviation

Radiopharmaceutical preparation {#Sec4}
-------------------------------

Precursor synthesis and radiolabelling procedures for \[^18^F\]PK-209 have been described previously \[[@CR13]\]. The radiotracer was formulated in a phosphate-buffered saline solution containing 6.7% ethanol and administered intravenously as a 0.5 to 15 mL bolus injection, which subsequently was flushed with a saline solution. The molar activity at time of injection was calculated against a calibration curve of PK-209 using the same high-performance liquid chromatography (HPLC) system and was 10--123 MBq · nmol^-1^. In all cases, synthesis time, including HPLC purification, was approximately 90 min, and radiochemical purity of the final product \> 98%.

Positron emission tomography data acquisition {#Sec5}
---------------------------------------------

In total, 20 PET scans were acquired on a Gemini TF-64 PET/CT scanner (Philips Medical Systems, Cleveland, OH, USA). Five subjects underwent \[^18^F\]PK-209 test--retest (TRT) scans 31--61 days apart over a period of 211 days. Another five subjects underwent baseline and ketamine scans 13--161 days apart over a period of 258 days. At the start of each scan \[^18^F\]PK-209 was injected as an intravenous bolus with a mean injected activity of 187 ± 7 MBq. All scans were performed between 12:00 and 15:00 h to minimize diurnal variation. Duration of daylight on each scan day was calculated to investigate seasonal changes in tracer binding. Dynamic PET data were acquired for 120 min and binned into 25 time frames (1 × 15, 3 × 5, 3 × 10, 4 × 60, 2 × 150, 2 × 300, 10 × 600 s). PET was followed by a low-dose CT (30 mAs, 120 kVp) for attenuation correction and localization. Data were reconstructed using a three-dimensional row action maximum likelihood reconstruction algorithm (3-D RAMLA). Acquired PET data were normalized and corrected for dead time, randoms, scatter, attenuation, and decay \[[@CR16]\].

Blood sampling {#Sec6}
--------------

All subjects received a radial artery cannula for continuous and manual arterial sampling. For each scan, an arterial input function was obtained using an on-line blood sampler (Veenstra Instruments, Joure, The Netherlands) with a withdrawal rate of 5 mL · min^−1^ during the first 5 min and 2.5 mL · min^−1^ from 5 to 60 min post injection (p.i.) in order to stay within blood volume sampling constraints. Continuous blood withdrawal was interrupted briefly to manually collect arterial blood samples (10 mL each) at set timepoints (5, 10, 20, 40, 60, 75, 90, 120 min p.i.). In several subjects, an arterial sample was taken immediately before PET and incubated with \[^18^F\]PK-209 at 37 °C to compare radioactivity recovery fractions throughout the 120 min with extracted fractions of the arterial samples taken during PET. The samples were used to measure blood and plasma radioactivity concentrations, whole blood-to-plasma ratios, and plasma metabolite fractions of \[^18^F\]PK-209. For the latter purpose, samples were analyzed using solid-phase extraction combined with HPLC using off-line radioactivity detection.

The final arterial plasma input function was derived using both continuous and discrete arterial blood data. The input function was corrected for plasma to whole blood ratio, metabolites, and time delay. For each scan, two additional plasma input functions were generated to investigate the effect of within-subject and between-subject variability in plasma data. For the within-subject averaged input function, the mean of PET1 and PET2 \[^18^F\]PK-209 parent fractions per subject were used at each of the eight sample timepoints for both scans. For the population-averaged input function, the mean parent fractions for all five subjects in the TRT and ketamine groups (i.e., 10 scans) were taken at each timepoint. The manual arterial blood samples were also used for assessment of the plasma ketamine concentration. The area under the ketamine concentration--time curve was estimated by means of the trapezoidal rule.

Ketamine infusion {#Sec7}
-----------------

The (S+)-isomer of ketamine (0.5 mg · kg^−1^) was dissolved in NaCl 50 mL and administered intravenously in a pseudo-steady state model with a sub-acute loading dose. First, ketamine was administered for 40 min at a rate of 0.006 mg · kg^−1^ · min^−1^ followed by a 130 min equilibrium phase at 0.002 mg · kg^−1^ · min^−1^. \[^18^F\]PK-209 injection and start of PET were performed at 10 min into the equilibrium phase, following 0.26 mg · kg^−1^ administration in the preceding 50 min.

Image acquisition and analysis {#Sec8}
------------------------------

Prior to the PET studies, structural three-dimensional coronal T1-weighted magnetic resonance images (MRI) were acquired for all subjects on a 1.5T Sonata scanner (Siemens Medical Solutions, Erlangen, Germany) with 160 coronal slices using echo time 3.97 ms, repetition time 2700 ms, flip angle 8°, and voxel size 1.0 × 1.5 × 1.0 mm^3^. Subject motion was checked by visual inspection of the alignment of intrasubject PET frames, and no frames were excluded due to excessive movement. T1-weighted MRI scans were co-registered to an average of the PET frames from \~ 4--70 min p.i. using VINCI software \[[@CR17]\]. The co-registered MRI scans were segmented into gray matter (GM), white matter, and extra-cerebral fluid, using PVE-lab \[[@CR18]\]. Subsequently, 68 regions of interest (ROIs), including whole brain, were derived from the Hammers atlas \[[@CR19]\] and used to extract GM time-activity curves (TACs). As a last step, the TACs of 60 out of the 67 ROIs were redefined into nine volume-weighted ROIs by combining the radioactivity at each timepoint according to the equation $\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{Bq}=\frac{\sum \limits_i{\alpha}_i\times {\mathrm{Bq}}_i}{\sum \limits_i{\alpha}_i} $$\end{document}$, where *α*~*i*~ is the volume (in mm^3^) of region *i*, and Bq~*i*~ the counts per mm^3^ of region *i*. The selection of ROIs was based on the widespread NMDA-R availability in the brain: frontal, temporal, occipital, and parietal cortices; hippocampus; thalamus; insula; brainstem; dorsal striatum; and cerebellum, as well as whole brain GM from the Hammers atlas. Standardized uptake values (SUV; equalling measured activity divided by injected dose per body weight) were calculated for whole brain GM.

Using the metabolite-corrected arterial plasma input function, all GM TACs were fitted to single-tissue (1T2k), two-tissue irreversible (2T3k), and reversible (2T4k) compartmental models, both with and without an additional parameter for fractional blood volume (*V*~B~). The non-metabolite-corrected arterial whole blood curve was used as input function for *V*~B~. The optimal tracer kinetic model for describing in vivo kinetics of \[^18^F\]PK-209 was determined according to the Akaike Information Criterion (AIC) \[[@CR20]\]. Depending on the model preference, outcome measures were the net influx constant (*K*~*i*~ = *K*~1~ *k*~3~/(*k*~2~ + *k*~3~)) or the distribution volume $\documentclass[12pt]{minimal}
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                \begin{document}$$ \left({V}_T=\frac{K_1}{k_2}\left(1+\frac{k_3}{k_4}\right)\right) $$\end{document}$. For subsequent group level analysis (e.g., TRT variability and ketamine effects), all scans were analyzed using the same, most preferred, tracer kinetic model. Non-displaceable distribution volumes (*V*~ND~ = *K*~1~/*k*~2~) as well as *K*~1~ and *k*~3~ values are also reported separately.

Statistics {#Sec9}
----------

The absolute percentage TRT variability of kinetic parameters between test and retest scans was calculated using the equation TRT variability = 2 · (ρ~retest~ − ρ~test~)/(ρ~test~ + ρ~retest~) · 100, where *ρ* is the kinetic parameter of interest. The between-subject coefficient of variation was calculated as the standard deviation divided by the sample mean · 100. Areas under the curve (AUC) from 0 to 120 min (SUV~AUC~) and plasma parent fractions (0--180 s and 0--120 min) were calculated with GraphPad Prism 7.0 (La Jolla, CA, USA, [www.graphpad.com](http://www.graphpad.com)). SUV from 90 to 120 min (SUV~90--120~) was calculated as the mean of the last three mid-frame SUV values.

Results {#Sec10}
=======

Brain images and plasma analysis {#Sec11}
--------------------------------

Uptake images from a TRT subject are shown in Fig. [1](#Fig1){ref-type="fig"}. Total GM TACs for all subjects are shown in Fig. [2](#Fig2){ref-type="fig"}. Peak uptake occurred around 10 min p.i. and with a SUV between 3.6 and 5.7. Brain activity decreased to about 25--40% of the peak by 120 min. No radioactivity uptake was observed in the jaw and skull in the dynamic PET images, indicating no defluorination. Injected activity was similar between PET1 and PET2 in the TRT (subjects 1--5) and ketamine (subjects 6--10) groups (Table [1](#Tab1){ref-type="table"}). Molar activity and injected mass differed on average (± SD) 50 ± 40% between PET1 and PET2. The radioactivity concentration of \[^18^F\]PK-209 in plasma peaked with a mean SUV of 17.4 ± 2.8 and decreased to \~ 7% of the peak at 3 min (Fig. [3](#Fig3){ref-type="fig"}). The AUC (0--180 s) for both TRT and ketamine groups did not differ between PET1 and PET2 (paired Student's *t* test *p* = 0.11 and *p* = 0.20, respectively). \[^18^F\]PK-209 was rapidly metabolized (Fig. [4](#Fig4){ref-type="fig"}). Mean parent fractions for all 20 scans were 77 ± 7, 57 ± 9, 34 ± 5, 19 ± 3, and 14 ± 3% at 5, 10, 20, 60, and 120 min p.i., respectively. HPLC analysis of the radioactivity in plasma demonstrated that one major metabolite accounted for 8 ± 5% at 5 min, 27 ± 3% at 20 min, and 32 ± 3% at 120 min p.i. The remainder of the activity could not be extracted, constituting 15 ± 3% at 5 min and 54 ± 4% at 120 min p.i. Recovery from the incubated pre-PET arterial sample remained \> 90%. There was no significant difference in metabolism (AUC) of \[^18^F\]PK-209 between test and retest scans. However, parent fractions in the baseline scans of subjects 6 to 10 were 8 to 15% lower than their ketamine scans and 16% lower (range − 5 to − 30%) than the test--retest group. Specifically, the parent fraction was significantly lower at 10, 20, and 80 min post \[^18^F\]PK-209 injection (paired Student's *t* test *p* \< 0.05). The difference in mean blood-to-plasma ratios between test--retest and between baseline--ketamine scans was \< 3% for all eight measured timepoints.Fig. 1Transaxial, coronal, and sagittal views of MR images (**a**) and averaged PET images from 4.25--70 min for the test scan (**b**) and retest scan (**c**) of subject 1. Activity is expressed in kBq · mL^−1^Fig. 2Time-activity curves for all subjects. **a**--**e** Test--retest scans (closed and open circles respectively) of subjects 1 to 5. **f**--**j** Baseline and ketamine scans (closed and open circles respectively) for subjects 6--10Fig. 3Concentration of total radioactivity in plasma following \[^18^F\]PK-209 injection for subject 1--5 test scans (**a**) and retest scans (**b**) and subject 6--10 baseline scans (**c**) and ketamine scans (**d**)Fig. 4Mean \[^18^F\]PK-209 parent fractions in plasma and whole blood-to-plasma (WB-P) ratios of the five subjects in each group

Kinetic modeling {#Sec12}
----------------

Best model fits, according to the AIC, were obtained using an irreversible two-tissue compartment model with blood volume parameter (2T3k_V~B~) in 8 out of the 10 TRT scans and 6 out of the 10 ketamine group scans (see Table [2](#Tab2){ref-type="table"}). Model preference between baseline and ketamine scans was different in four out of five subjects, but no consistent change in model preference was observed between pre- and post-ketamine scans. Fits of the 67 ROIs to the 2T3k_V~B~ model in the 15 non-ketamine PET scans showed the highest consistency in the temporal lobe and cerebellum (12 out of 15 scans preferring 2T3k_V~B~) and the lowest consistency in the thalamus and brainstem (7 and 8 out of 15 scans, respectively). The correlation between model agreement and ROI size was significant (*r* = 0.33, *p* \< 0.01) indicating less stable fits in smaller regions. The 2T4k_V~B~ model was preferred in 25% of the ROIs, and no regions were identified that consistently favored a model other than the 2T3k_V~B~ model. Input functions that were averaged within-subjects increased the consistency in model preference, as 17 out of 20 PET scans showed best fits for the 2T3k_V~B~ model. Considering the finding that the majority of scans as well as ROIs were fit best by the irreversible two-tissue compartment model, all scans were analyzed using the 2T3k_V~B~ model. The primary outcome parameter was therefore the net influx rate constant. *K*~*i*~ values for all 20 scans were calculated with three different plasma input functions and are presented in Table [2](#Tab2){ref-type="table"}. The coefficient of variation of the baseline (PET1) *K*~*i*~ values (*N* = 10) was 36% using the single scan input function, 37% using the within-subject input function, and 43% using the population average input function. Mean PET1 values of *K*~*i*~ in the nine volume-weighted ROIs, from low to high, were similar for all three input functions at approximately 0.008 in dorsal striatum; 0.010 in cerebellum, thalamus, and insula; 0.015--0.018 in frontal, temporal, parietal, and occipital cortices; and 0.034--0.040 in brainstem. Correlations between *K*~*i*~ and SUV~90--120~ of the 10 PET1 scans and between Δ*K*~*i*~ and ΔSUV~90--120~ were low for all three input functions (Spearman's *ρ* \< 0.42, *p* \> 0.22).Table 2Rate constants obtained using a 2T3k_V~B~ model and three different plasma input functions (IF) for all subjectsSingle scan IFWithin-subject IFPopulation IFPreferred model*K* ~1~*V* ~ND~*k* ~3~*K* ~*i*~*K*~*i*~ TRTVPreferred model*K* ~*i*~*K*~*i*~ TRTVPreferred model*K* ~*i*~*K*~*i*~ TRTVS1Test2T3k0.5229.640.00160.0148− 32%2T3k0.01186%2T3k0.01364%Retest2T3k0.4208.020.00140.01082T3k0.01262T3k0.0142S2Test2T4k0.57710.120.00160.0157− 23%2T3k0.0131-3%2T3k0.011318%Retest2T3k0.4075.900.00220.01252T3k0.01272T3k0.0136S3Test2T3k0.3417.330.00240.0166− 9%2T3k0.01545%2T3k0.01934%Retest2T4k0.3476.140.00260.01522T4k0.01622T4k0.0201S4Test2T3k0.4739.730.00250.0235− 45%2T3k0.0202− 17%2T3k0.0147−24%Retest2T3k0.4909.340.00160.01482T3k0.01702T3k0.0115S5Test2T3k0.4518.640.00250.0208− 14%2T3k0.0200− 5%2T3k0.0170−9%Retest2T3k0.4657.290.00260.01822T3k0.01912T3k0.0156Mean TRTV13%21%20%24.3% ± 14.57.3% ± 5.611.9% ± 8.9Mean test0.4739.090.00210.01830.01610.0152Mean retest0.4267.340.00210.01430.01550.0150Preferred model*K* ~1~*V* ~ND~*k* ~3~*K* ~i~% Δ*K*~*i*~Preferred model*K* ~*i*~% Δ*K*~*i*~Preferred model*K* ~*i*~% Δ*K*~*i*~S6Baseline1T2k0.5289.780.00050.0046182%1T2k0.0038237%2T4k0.0071113%Ketamine2T3k0.6059.660.00140.01292T3k0.01282T3k0.0152S7Baseline2T4k0.3946.540.00290.0182− 35%2T4k0.01700%2T4k0.01508%Ketamine2T3k0.4879.750.00120.01182T3k0.01692T4k0.0162S8Baseline2T3k0.68311.720.00070.00831%2T3k0.0220− 9%2T3k0.0183−9%Ketamine2T4k0.55910.300.00080.00842T3k0.02012T3k0.0167S9Baseline2T3k0.3687.740.00260.0193− 36%2T3k0.0200− 41%2T3k0.0114−62%Ketamine2T4k0.3286.560.00200.01242T3k0.01182T3k0.0044S10Baseline2T3k0.48810.510.00140.014330%2T3k0.010583%1T2k0.0011−10%Ketamine2T3k0.6009.840.00200.01862T3k0.01921T2k0.0010Mean baseline0.4929.250.00160.01290.01470.0106Mean ketamine0.5169.220.00150.01280.01620.0107% Change5%0%−9%−1%10%1%The unit of *K*~1~ is mL · cm^3^ · min^−1^ and the unit of *k*~3~ and *K*~*i*~ is min^−1^. *V*~ND~ equals *K*~1~/*k*~2~*TRTV* test--retest variability, %Δ*K*~*i*~ the percentage change from the baseline scan

Test--retest group {#Sec13}
------------------

Mean TRT variability of whole brain GM *K*~*i*~ was 24% for scans analyzed using individual metabolite-corrected plasma input functions. A decrease in *K*~*i*~ was observed in retest scans for all subjects (range 8--37%). Across the nine ROIs, differences between mean test--retest *K*~*i*~ ranged from − 17% in thalamus to − 36% in brainstem. The Pearson correlation between scan interval in days and percentage difference in *K*~*i*~ was 0.99 (*p* = 0.002) for whole brain GM and 0.89 to 0.99 for individual ROIs. The TRT variability of *K*~1~, *k*~2~, *k*~3~, and *V*~ND~ did not correlate with scan interval. Furthermore, the correlation of *K*~*i*~ TRT variability with scan interval was not significant (*p* \> 0.05) using within-subject and population-averaged input functions. Duration of daylight correlated moderately with *K*~*i*~ (*r* = 0.54, *p* = 0.11). ROI size showed a weak correlation with TRT variability (Spearman's *ρ* = − 0.24, *p* = 0.11). The mean TRT variability was 13% for *K*~1~, 21% for *V*~ND~, and 20% for *k*~3~. TRT variability of GM *K*~*i*~ generated using the within-subject input functions was markedly improved at 7%. The single population-averaged input function returned a *K*~*i*~ TRT variability of 12%.

Analysis of the TACs (Fig. [2a--e](#Fig2){ref-type="fig"}) showed that mean GM SUV~AUC~ of test scans was 316 ± 40 SUV·min and of retest scans 307 ± 31 SUV·min. TRT variability of GM SUV~AUC~ was 13, 33, 4, 8, and 6% for subjects 1 to 5, respectively (mean TRT variability 12%). Whole brain SUV~90--120~ was, on average, 1.68 and 1.64 in test and retest scans (− 3% difference). Mean TRT variability of GM SUV~90--120~ was 12 ± 12%, and the between-subject coefficient of variation of SUV~AUC~ and SUV~90--120~ for all 10 PET1 scans (including baseline scans in the ketamine group) was 15 and 11%, respectively.

Ketamine group {#Sec14}
--------------

Ketamine administration led to whole brain GM *K*~*i*~ reductions in subjects 7 and 9, no change in subject 8, and increases in subjects 6 and 10 (data in Table [2](#Tab2){ref-type="table"}). The effects of ketamine on *K*~*i*~ varied considerably between subjects, ranging from − 36 to 182%. Model fits were unstable across ROIs, and this was reflected in variable *K*~*i*~ changes between ROIs and subjects. The mean *V*~ND~ of whole brain GM did not change between baseline and ketamine scans. The mean rate of transport *K*~1~ in the baseline scans ranged from 0.33 to 0.68 between subjects. After ketamine, *K*~1~ increased in subjects 6, 7, and 10 by 15--24% and decreased in subjects 8 and 9 with 18 and 11%, respectively, resulting in an overall mean increase of 5%. Within-subject input functions led to an increase in the difference of *K*~*i*~ between the baseline and ketamine scans, ranging from − 41 to 237% in the five subjects. The population averaged input function did not improve the consistency in change of *K*~*i*~ either. Analysis of TACs (Fig. [2f--j](#Fig2){ref-type="fig"}) showed that whole brain SUV~AUC~ increased by 8, 27, 1, 1, and 17% following ketamine administration for subjects 6--10, respectively. Mean SUV~AUC~ of the baseline scans was 289 ± 51 SUV·min and of the ketamine scans 321 ± 66 SUV·min. The mean SUV~90--120~ of baseline and ketamine scans was 1.53 and 1.68, respectively (10% increase, owing to subjects 6, 7, and 10).

### Plasma ketamine concentration {#Sec15}

Ketamine was well tolerated by all subjects. Feelings of dissociation were reported by all subjects at the start of PET scanning, but none showed loss of responsiveness or hypnosis. The plasma ketamine concentration could only be analyzed for three out of five subjects, and results are shown in Fig. [5](#Fig5){ref-type="fig"}.Fig. 5Mean plasma *S*-ketamine concentration during the course of the PET scan. Error bars represent standard deviations

Discussion {#Sec16}
==========

Twenty PET scans were performed in 10 healthy subjects to evaluate \[^18^F\]PK-209 brain kinetics, test--retest reproducibility, and quantification of radiotracer binding to the intrachannel binding site of NMDA receptors. To this end, TRT variability was assessed in five subjects, followed by blocking experiments with intravenous 0.5 mg ∙ kg^−1^*S*-ketamine administration in five different subjects. The kinetic profile of \[^18^F\]PK-209 indicated irreversible binding, at least for the 120 min scan duration, suggesting a trapped binding mechanism or slow dissociation. The slow irreversible nature is in accordance with in vivo behavior of \[^11^C\]GMOM \[[@CR10]\], the carbon-11 labeled analogue of PK-209. \[^18^F\]PK-209 readily entered the brain and displayed a fairly uniform pattern of uptake, with the rank-order of highest to lowest net influx constant (*K*~*i*~) in the volume-weighted ROIs being brainstem\>cortex\>cerebellum-thalamus-hippocampus-insula\>dorsal striatum. There were no ROIs from which TACs were consistently favored by a kinetic model other than the 2T3k_V~B~ model. However, the significant correlation between 2T3k_V~B~ model agreement and ROI size indicated that TACs in smaller brain ROIs were affected more by noise and thus described adequately by several models. Previous kinetic analyses of PET scans with the structurally related radiotracer \[^11^C\]GMOM have shown similar heterogeneity in model preference between and within subjects \[[@CR10]\].

Test--retest variability {#Sec17}
------------------------

The TRT variability of \[^18^F\]PK-209 *K*~*i*~ calculated with single scan input functions was relatively large compared with reports of other radiotracers using similar equipment and techniques \[[@CR21]\], at 24% in whole brain GM *K*~*i*~ and 17 to 36% in individual ROIs. A closer examination of SUV~AUC~ showed good consistency between test and retest scans, with a mean 12% difference. Tracer uptake in the last 30 min of the scan, SUV~90--120~, did not correlate with the irreversible rate of influx *K*~*i*~ in this group of subjects. Considering the small *k*~3~, it is likely that the PET signal at 90 to 120 min p.i. is still dominated by free and non-specific binding. Furthermore, the TACs themselves showed clear dissociation and washout of \[^18^F\]PK-209 during the course of the scan, suggesting that the ligand's trapping component within the ion channel is relatively small. In the present study, a "coffee-break" protocol with extended scanning up to 4 h post radiotracer injection may have provided additional information on kinetics, such as the contribution of the ligand-binding site dissociation constant *k*~4~. However, tracer metabolism and low count rates at late timepoints would have complicated measurements of the input function.

Blood data from arterial measurements during the PET scan showed that there was rapid blood pool clearance combined with rapid tracer metabolism. Mean parent fractions were 57 and 34% at 10 and 20 min p.i., respectively, which is somewhat higher compared with non-human primate parent fractions \[[@CR15]\]. Fast metabolism has also been shown in clinical PET studies of \[^11^C\]ketamine \[[@CR22]\] and ligands from the class of bis(aryl)guanidines, i.e., \[^11^C\]CNS-5161 \[[@CR23]\], \[^11^C\]GMOM \[[@CR10]\], and \[^18^F\]GE-179 \[[@CR24]\], which are structurally related to \[^18^F\]PK-209. HPLC analysis showed that one \[^18^F\]PK-209 metabolite accounted for approximately 30% of total plasma radioactivity from 20 min until the end of the scan. A limitation of the present study was that the fractional recovery of radioactivity from plasma declined over time, stabilizing at approximately 45%. Arterial samples taken immediately before PET were incubated with \[^18^F\]PK-209 at 37 °C, and radioactivity recovery of these samples remained constant at approximately 90% during the 2-h experiment. The difference between recovery fractions suggests that, during the scan, metabolites were formed in the body, which subsequently were retained within the pellet for corresponding samples. An influx of radiometabolites into the brain may have confounded \[^18^F\]PK-209 quantification and contributed to TRT variability. Ex vivo rodent studies have shown that polar metabolites only contribute 4% to total brain radioactivity at 60 min p.i. The non-polar metabolite fraction, however, was 18 and 25% at 15 and 60 min p.i., respectively \[[@CR13]\]. Logan plots of \[^18^F\]PK-209 in non-human primates showed that linearity was attained from early to late timepoints, arguing against the significant accumulation of radiometabolites in the brain. Furthermore, recovery of radioactivity in the present study was high at the start of the scan, indicating that the analytical methods to measure parent \[^18^F\]PK-209 and associated input functions provided reliable results. TRT variability was further examined as a function of parent fraction determination in plasma. To this end, TACs were modeled with arterial input functions using parent fractions that were averaged within subjects and across the two samples of five subjects. Within-subject input functions led to a substantial reduction in *K*~*i*~ TRT variability from 24 to 7% and improved consistency of the 2T3k_V~B~ model preference from 14 to 17 (out of 20) PET scans.

Preliminary results showed a significant correlation between scan interval in days and reduction in *K*~*i*~ using the single-scan input function, but not with subject- and population-averaged input functions. This correlation is likely due to either a systemic error in test or retest input function measurements or a true biological component resulting in lowered availability of the NMDA channel site for radiotracer binding during the second scan. In same-day test--retest studies with the metabotropic glutamatergic tracers \[^11^C\]ABP688 and \[^18^F\]FPEB, it was shown that binding was significantly higher in the second scan, whereas two scans days to weeks apart showed good TRT variability \[[@CR25]\]. Diurnal and seasonal variation in receptor or endogenous ligand concentrations might be sources of increased TRT variability. In the present study, however, all scans were performed in the afternoon between 12:00 and 15:00 h, limiting diurnal effects on glutamatergic neurotransmission. The moderate correlation of *K*~*i*~ with duration of daylight and strong correlation of *K*~*i*~ with scan interval could be indicative of seasonal effects. These have been found previously in serotonin 5-HT~1A~ receptor PET studies \[[@CR26]\]. Finally, and taking into consideration the limitations of a small sample size, it is noteworthy that the two subjects aged 34 and 37 showed numerically higher TRT variability compared with the three subjects aged 22--23. Future work is needed to understand the source of variability and a full validation of these findings will require a larger cohort.

Ketamine blocking studies {#Sec18}
-------------------------

Despite good quality data for all \[^18^F\]PK-209 scans, there was no consistent effect of ketamine administration on the pharmacokinetic model parameters. Intravenous ketamine administration increased whole brain SUV~AUC~ and SUV~90--120~ in three out of five subjects, whereas previous non-human primate experiments showed a 15% reduction in mean SUV~AUC~ after MK-801 administration \[[@CR15]\]. The best PET model fits changed in four out of five subjects following ketamine administration, but not in a predictable manner. The unstable fits of \[^18^F\]PK-209 may be explained by changes in the arterial input function or brain pharmacokinetics of the tracer. For example, the increased SUV in subjects 6, 7, and 10, which is reflected in increased *K*~*1*~ values, shows that the uptake of \[^18^F\]PK-209 is blood flow-dependent. Ketamine is known to exert direct vasodilatory effects on the cerebral vasculature through a calcium-dependent mechanism. In a review of 20 human imaging studies, it was shown that plasma ketamine concentrations, comparable to those used in the present study, increased global and/or regional cerebral blood flow in human subjects \[[@CR27]\]. Contrasting results from a recent simultaneous PET and functional MRI imaging study in anesthetized non-human primates demonstrated that cerebral blood volume following administration of the PCP site blocker GE-179 was acutely reduced \[[@CR28]\]. In a bolus-plus-infusion paradigm, "cold" GE-179 at a dose of 0.6 mg ∙ kg^−1^ was administered when \[^18^F\]GE-179 was at steady state, which was expected to reduce the brain signal by competitive displacement at the PCP binding site. A short-term blood volume decrease was observed; however, GE-179 did not significantly block the PET signal and had no effect on arterial plasma blood levels, indicating that the \[^18^F\]GE-179 signal is independent of flow \[[@CR28]\]. Ketamine may affect blood flow differently than GE-179, and a future study in humans with simultaneous \[^18^F\]PK-209 PET and fMRI could elucidate the relationship between NMDA-R blockers, blood flow, and radiotracer binding.

The arterial plasma fractions of \[^18^F\]PK-209 in the baseline scans were on average 8 to 15% lower than in the ketamine scans (Fig. [4](#Fig4){ref-type="fig"}), but also 16% lower compared with the TRT group. The small increase in baseline metabolism of subjects 6 to 10 may suggest an initial group difference which was normalized by ketamine administration. However, in non-human primates, there was no effect of MK-801 on \[^18^F\]PK-209 metabolism, nor did ketamine administration affect \[^11^C\]GMOM metabolism in humans. Systematic errors in the estimation of arterial blood parameters or natural variability in metabolism may underlie the observed differences. Although the measurement error may have affected the model parameters, it is unlikely to explain the variability of \[^18^F\]PK-209 *K*~*i*~ between subjects following ketamine administration.

The mean plasma ketamine concentrations plateaued at \~ 100 ng ∙ mL^−1^ between 20 and 60 min after the start of PET (40 min since the start of ketamine infusion) and decreased to \~ 70 ng ∙ mL^−1^ at the end of the scan, 160 min since the start of 0.5 mg ∙ kg^−1^ ketamine infusion. As expected, the *C*~max~ in the current study was dose-proportionally higher than the 0.3 mg ∙ kg^−1^ ketamine administered in the \[^11^C\]GMOM blocking study \[[@CR10]\]. Subjects in a SPECT study by Stone et al. \[[@CR29]\] were administered 1.1 mg ∙ kg^−1^*S*-ketamine over 75 min, which led to a mean plasma concentration of 173 ng ∙ mL^−1^ and displacement of the NMDA-R channel ligand \[^123^I\]CNS-1261 in the brain. Preclinical in vivo studies have also demonstrated a strong and rapid temporal relationship between ketamine concentrations in plasma and radiotracer inhibition in brain tissue. For example, in rats, 67% inhibition of \[^3^H\]MK-801 binding was observed at 1 min post-dosing with 3 mg ∙ kg^−1^ racemic (±)ketamine IV, and the inhibition declined to 19% at 20 min post-dose \[[@CR30]\]. The plasma racemic ketamine concentration required to inhibit 50% of specific \[^3^H\]MK-801 binding in vivo has been calculated in the range of 1.9--3.7 μM \[[@CR30]\]. The present pharmacokinetic data show a concentration of ketamine in plasma of 0.3--0.4 μM during PET scanning, which may have been insufficient to unmask specific uptake of \[^18^F\]PK-209. Nevertheless, *S*-ketamine at a lower plasma concentration of 0.26 μM was shown to reduce the *K*~*i*~ of the equipotent carbon-11 labeled analogue of PK-209, \[^11^C\]GMOM, in humans \[[@CR10]\]. The concentrations of unlabelled PK-209 and GMOM that inhibit specific binding of \[^3^H\]MK-801 to rat forebrain membranes were shown to be similar at 18.4 and 21.7 nM respectively \[[@CR13]\]. Furthermore, data from the preclinical \[^18^F\]PK-209 PET study demonstrated that a dose of 0.3 mg ∙ kg^−1^ MK-801 reduced the volume of distribution in two out of three rhesus monkeys compared with baseline \[[@CR15]\]. In displacement binding studies, MK-801 is two orders of magnitude more potent than (±)ketamine at the ion channel site \[[@CR30]\], but the compound is not approved for human use and therefore could not be implemented in the present study design. Despite these reports of inhibition of NMDA-R activity by channel blockers, the recent preclinical in vivo evaluation of \[^18^F\]GE-179 suggests that the PET signal is largely non-specific \[[@CR28]\].

NMDA receptors are complex, highly modulated ligand-gated ion channels bound in cell membranes that, in order to open, require activation of nearby AMPA and kainate receptors as well as co-activation by glutamate and [d]{.smallcaps}-serine or glycine. Recently, electron cryomicroscopy experiments revealed how small molecules affect the NMDA-R structure and ion channel opening \[[@CR31]\]. Many endogenous ligands acting at NMDA-Rs, such as Mg^2+^, Zn^2+^, H^+^, polyamine cations, neurosteroids, and fatty acids, determine the in vivo binding properties of ligands targeted for NMDA receptors. For example, it has been shown that in native NMDA receptors of rat hippocampus CA1 pyramidal neurons, IC~50~ values of NMDA-R channel blockers are increased 1.5 to 5 times compared with magnesium-free conditions \[[@CR32]\]. Variations in physiological Mg^2+^ or other endogenous ligands could have affected \[^18^F\]PK-209 binding and may have contributed to the observed TRT variability and inconsistent ketamine effects. A second possibility is that ketamine and \[^18^F\]PK-209 inhibit distinct populations of NMDA-Rs. Ketamine predominantly inhibits synaptic NMDA-Rs, whereas for example memantine primarily inhibits extrasynaptic NMDA-Rs \[[@CR33]\], although more weakly \[[@CR34]\]. In this respect, it may be valuable to investigate memantine as a pharmacological blocker in future PET studies with NMDA-R radiotracers to examine different domains of \[^18^F\]PK-209 binding. A third possibility is that ion channel ligands exhibit biexponential association kinetics with the NMDA ionophore and thereby complicate PET pharmacokinetic modeling. Very few studies have examined how the association rate constants of ion channel blockers change as a function of radioligand concentration, and there is evidence to suggest that the kinetics of channel blocker association with the NMDA ionophore do not follow the law of mass-action \[[@CR2]\]. Changing the ligand-binding site accessibility can change the rate of association and dissociation, but has no effect on equilibrium affinity of ligand binding \[[@CR35]\]. One cannot exclude that the slightly different doses of \[^18^F\]PK209 injected in the baseline versus the blocking scans may have contributed to a noisy data set.

Conclusions {#Sec19}
===========

The establishment of a radiotracer for in vivo quantification of specific binding to the NMDA receptor remains challenging. The divergent clinical and preclinical behavior of \[^18^F\]PK-209 could be due to multiple differences in interactions between exogenous and endogenous glutamatergic ligands. There are plausible biophysical explanations that remain to be tested, which are pivotal for interpreting the ligand-NMDA-R interactions. The conclusion of the present study is that the molecular interaction between \[^18^F\]PK-209 and the binding site within the NMDA-R ion channel was not shown to be reproducible or specific. It is possible that the typical study design for neuroreceptor PET tracers executed here is not applicable to such a dynamic and complex receptor system as the NMDA-R.
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